Abstract. Sample inhomogeneity is one of the obstacles preventing the generation of reproducible mass spectra by MALDI and to their use for the purpose of analyte quantification. As a potential solution to this problem, we investigated MALDI with some liquid matrixes prepared by nonstoichiometric mixing of acids and bases. Out of 27 combinations of acids and bases, liquid matrixes could be produced from seven. When the overall spectral features were considered, two liquid matrixes using α-cyano-4-hydroxycinnamic acid as the acid and 3-aminoquinoline and N,N-diethylaniline as bases were the best choices. In our previous study of MALDI with solid matrixes, we found that three requirements had to be met for the generation of reproducible spectra and for analyte quantification: (1) controlling the temperature by fixing the total ion count, (2) plotting the analyte-to-matrix ion ratio versus the analyte concentration as the calibration curve, and (3) keeping the matrix suppression below a critical value. We found that the same requirements had to be met in MALDI with liquid matrixes as well. In particular, although the liquid matrixes tested here were homogeneous, they failed to display spot-to-spot spectral reproducibility unless the first requirement above was met. We also found that analytederived ions could not be produced efficiently by MALDI with the above liquid matrixes unless the analyte was sufficiently basic. In this sense, MALDI processes with solid and liquid matrixes should be regarded as complementary techniques rather than as competing ones.
Introduction
M atrix-assisted laser desorption ionization (MALDI) [1] [2] [3] is widely used in mass spectrometry of biomolecules. Tolerance to the presence of contaminants in a sample [4, 5] is often cited as an important advantage of MALDI over electrospray ionization, which is another popular ionization technique for biomolecules. In spite of its popularity, MALDI is not regarded as a useful quantitative tool, mainly because the ion signals produced by MALDI display shot-to-shot variation at spots, spot-tospot variation on samples, and sample-to-sample variation [1, 6] . In the MALDI of a solid sample composed of an analyte-matrix mixture, sample inhomogeneity is one of the factors responsible for such variations [7] [8] [9] .
Recently, we studied MALDI for solid samples prepared from solutions containing peptides (analytes) and α-cyano-4-hydroxycinnamic acid (CHCA, matrix) [10] . The vacuum-drying of such a solution is known to produce a rather homogeneous solid sample [10, 11] . When we repetitively irradiated a spot on such a sample with laser pulses, we observed that the abundance of each ion appearing in the mass spectrum, both analyteand matrix-derived, changed systematically. A summary of our observations and conclusions drawn from the study is given below.
1. We took the temperature in the early plume (T early ) [12] where in-source decay [13] occurred as the representative temperature of each MALDI event. We then found that the observed spectral changes were correlated with the lowering of T early as the sample became thinner upon repetitive irradiation [10] . 2. From sets of spectra acquired under various experimental conditions, we selected those associated with the same T early . The abundances of the same ion in different spectra were then found to be nearly identical (i.e., the spectra were reproducible [14] ). We also found that T early became fixed when we fixed the total ion count (TIC) in a spectrum [15] . 3. When T early was fixed, we found that the reaction quotient (Q) for the matrix-to-analyte proton transfer, reaction 1, was nearly constant [10, 16] .
Here, I(X) represents the abundance of the species X in the plume. Subsequently, when the analyte was a peptide, we found that I(Analyte)/I(Matrix) was comparable to the analyte concentration in a solid sample [16] . The constancy of Q is an indication that an analyte ion may indeed be produced by the reaction in Equation 1 and that the reaction is nearly at equilibrium. 4. From Equation 2, when Q is nearly constant, the ion ratio defined in Equation 3 is nearly proportional to the analyte concentration.
Ion ratio
We observed such direct proportionality over three orders of magnitude in analyte concentrations and proposed to use it as a calibration curve for analyte quantification [16] ), respectively, we defined the matrix suppression (S) as follows [17] .
As the analyte concentration increased, both the ion ratio and the matrix suppression increased. Eventually, above a certain degree of matrix suppression, referred to here as the critical matrix suppression (S c ), the ion ratio versus the analyte concentration plot began to deviate from the direct proportionality [17] . That is, our method allows analyte quantification only for samples for which S ≤ S c . Checking S was important, especially for contaminated samples, as deviation from direct proportionality occurred regardless of whether matrix suppression was mainly caused by the analyte or by contaminants [17] . On the other hand, S c was matrix-dependent. For example, it was approximately 70% in MALDI with CHCA [17] .
Our method worked well for solid CHCA samples prepared by vacuum-drying, which were rather homogeneous. It did not work as well for samples prepared with DHB or sinapinic acid (SA), which are notorious for their inhomogeneity [18, 19] . Hence, devising methods to prepare homogeneous samples is important to broaden the applicability of our quantification method.
One way of improving the sample homogeneity is to use a liquid matrix. In fact, the first work by Tanaka et al. [3] on the laser-induced production of gas-phase ions from biomolecules was made using glycerol as the matrix. Room temperature ionic liquids with very low vapor pressures can be useful homogeneous matrixes for MALDI [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , as first demonstrated by Armstrong et al. [21] . An ionic liquid is prepared by mixing equal amounts of an acid and a base. To prepare ionic liquid matrixes for MALDI, CHCA, DHB, and SA are widely used as acids whereas aliphatic and aromatic amines are usually used as bases. As long as our interest in such liquid materials lies in their homogeneity, however, it will not matter even if some neutrals remain in the samples. In fact, there were reports that nonstoichiometric mixing of acids and bases often produced liquid matrixes that were useful for MALDI [22] [23] [24] [25] . For example, Palmblad and Cramer [22] reported that the linear dynamic range for a MALDI signal could be improved by using a liquid matrix that was a nonstoichiometric mixture of an acid and a base.
In this work, we prepared 27 nonstoichiometric mixtures of acids and bases that had been used previously for the preparation of ionic liquid matrixes for MALDI. We attempted to prepare a good liquid matrix for each combination of an acid and a base by varying their ratio and investigated their performance in analyte quantification by MALDI. In particular, we checked whether the aforementioned characteristics or rules observed in MALDI with a solid matrix would also hold in MALDI with the liquid matrixes.
Experimental
Two homebuilt MALDI-tandem TOF instruments [31, 32] were used in this work. Each consists of an ion source with delayed extraction and a reflectron. 337 nm output from a pulsed nitrogen laser (MNL100; Lasertechnik Berlin in Berlin, Germany) was used as the light source in both instruments. They were run under a condition in which both matrix-and analyte-derived ions were detected without saturation of detector.
The instruments were operated under two different modes, the constant energy and the constant TIC (total ion count) modes. In both modes, we initially measured the threshold laser pulse energy for MALDI. In the constant energy mode, the laser pulse energy was kept constant at two times the threshold throughout a run. In the constant TIC mode [15] , the TIC at two times the threshold energy was measured for a fresh sample. Then, this was held constant throughout a run by feedback control of the laser pulse energy. In the calculations of the ion abundances and the TIC, calibrated detector gains were used [33] . Both the positive and negative ion MALDI spectra were measured for liquid matrixes with and without an analyte. In most cases, a peptide (YYYYYR, Y 5 R) was used as the analyte. We would like to emphasize that the calibration curves for the quantification of an analyte obtained with different instruments by different operators on different days were nearly identical for all of the several cases tested.
Reagents
Peptides Y 5 R, Y 6 , and Substance P were purchased from Peptron (Daejeon, Korea). Arginine, imipramine, and serotonin were purchased from Sigma-Aldrich (St. Louis, MO, USA). The acids and bases used in the preparation of the liquid matrixes were also purchased from Sigma-Aldrich. The acids were CHCA (98%), DHB (98%), and SA (99%). The bases were 3-acetylpyridine (3AP) [23] , 3-aminoquinoline (3AQ) [25, 26] , 2-aminopentane (2AP) [27] , aniline [23] , N-isopropyl-N-methyl-tert-butylamine (IMTBA) [27] , N,Ndiethylaniline (DEA) [9, 23] , N,N-dimethylaniline (DMA) [23, 28] , pyridine [29] , and tributylamine (TBA) [29] . The papers that reported the use of each base for the preparation of an ionic liquid matrix or just liquid matrix are quoted as references for each base.
Sample Preparation
To prepare a liquid matrix, each acid or base was first dissolved in 100% methanol. An acid solution was mixed with a base solution and the mixture was then air-dried. When an acid-base mixture looking like a liquid was prepared, we placed it under a photomicroscope. Then, we pushed it with a micro-pipet tip. When the mixture deformed readily in this test, we called it 'fluidic'. When the mixture did not deform easily, we called it 'glassy'. Some lay in-between, which was called 'highly viscous'. The test showed that most of the prepared liquid-looking matrixes were either glasses or highly viscous liquids at the ambient temperature of 20°C. They were not ideal matrixes for MALDI because the abundances of the ions generated from samples prepared with such matrixes tended to fluctuate. Some fluidic matrixes became viscous when placed inside the vacuum for a few hours. They were not ideal liquid matrixes either. For some base-acid pairs, denoted as B/A, a liquid matrix that was really fluidic was formed over a limited range of molar ratios. They were used as matrixes in this work. Out of 27 acidbase combinations assessed in this work, seven were fluidic liquids. methanol solution of a liquid matrix and analytes; 1.0 μL of the solution was loaded onto the hydrophobic part of a MALDI sample plate (ASTA; Suwon, Korea) and was then air-dried.
To create a solid sample, a solution containing an analyte and CHCA was prepared using a solvent with 25% acetonitrile and 0.1% trifluoroacetic acid in water; 1.0 μL of each solution containing 25 nmol of CHCA was loaded onto a stainless steel target and vacuum-dried.
Results and Discussion

MALDI Spectra
The positive ion MALDI spectrum of the liquid matrix 3AQ/ CHCA (160/20) is shown in Figure 1a together with the spectrum (Figure 1b + was in the order of 3AQ/DHB < 3AQ/SA < 3AQ/CHCA. These findings suggest CHCA as the best acid in the production of a liquid matrix with 3AQ. Among the three liquid matrixes, 3AQ/CHCA generated a simple negative ion MALDI spectrum, which was dominated by [ -dominated. The analogous ion also dominated in the negative ion MALDI of DEA/ DHB, although there appeared to be far more contaminant ions than in the MALDI of DEA/CHCA. Although DMA/CHCA and DMA/DHB produced fluidic liquid matrixes, we would not recommend them as matrixes for MALDI because many incomprehensible ions appear in their spectra.
Based on the simplicity of the positive ion MALDI spectra of liquid matrixes and the abundances of the analyte ions produced, we chose 3AQ/CHCA and DEA/ CHCA and investigated their performances in the generation of reproducible spectra and in the analyte quantification. From the identities of the abundant ions appearing in the positive and negative ion MALDI spectra, we speculate that the proton transfer between the base and acid produces the proton donor [Base + H] + .
We further speculate that an analyte ion is produced by another proton transfer reaction.
TIC Control and Spectral Reproducibility
In our previous study of the MALDI of peptides in solid CHCA [15] , 1.0 μL of a solution containing a peptide(s) and 25 nmol of CHCA was loaded on a stainless steel target and vacuumdried. This produced a CHCA film with a diameter of~2.0 mm and a thickness of~1.2 μm. Under the TIC-controlled operation,~200 laser pulses depleted a spot. When 1.0 μL of 3AQ/ CHCA (160/20) was loaded onto the hydrophobic part of a MALDI sample plate, a circular spot with a diameter of 0.4 mm that appeared hemispherical was produced. Assuming that the radius of the hemisphere is larger than the thickness of the solid film by a factor of 100 and that an irradiated spot is replenished by the inflow of the liquid matrix, we will be able to collect tens of thousands of single-shot spectra from a spot. Because each laser shot will ablate only a tiny fraction of the liquid drop, however, T early for successive MALDI runs may be similar, resulting in reproducible spectra over a large number of laser shots even without the TIC control.
To test this, we focused the laser at the center of the hemisphere, acquired more than 1000 single-shot spectra without and with the TIC control, and calculated the shot-numberdependences of the abundance of each ion; the ion ratio, i. Figure 2a , which is steady. Under the constant energy mode, the TIC fluctuated a little more (not shown). More importantly, the ion ratio measured without the TIC control was close to that measured with the TIC control. This suggested that the TIC control was only marginally useful in MALDI with the liquid matrix. We then made the same measurements by focusing the laser at some distance from the center of the hemisphere. Figure 2b shows the shot-numberdependence of the TIC measured 100 μm from the center-the radius of a matrix drop was~200 μm and the laser spot radius was~50 μm-in the constant energy mode. The average value of the TIC in this figure was 3500 ± 500, significantly smaller than that of 4400 ± 400 for the data shown in Figure 2a . The shot-number-dependence of the TIC at the same distance from the center measured in the constant TIC mode is shown in Figure 2c . The average TIC in this case was 4400 ± 400. That is, although the TIC measured under the constant energy mode was spot-dependent, it was constant under the TIC control, as it should have been. We also measured the numbers of [Y 5 + associated with the data in Figure 2a , b, and c were 850, 760, and 850, respectively, and those for [DEA + H] + were 1100, 550, and 1100, respectively. That is, under the TIC control mode, the abundance of each ion remained constant (i.e., the MALDI spectrum was reproducible regardless of the spot position, whereas its spot-dependence was significant under the constant energy mode). The ion ratio used in the analyte quantification displayed a similar trend. The ion ratios associated with the data in Figure 2a , b, and c were 0.77, 1.4, and 0.77, respectively. We observed similar trends in MALDI with other liquid matrixes such as 3AQ/CHCA. Although we speculate that the TIC control is related in some way to the temperature control, as was the case in MALDI with solid matrixes, we do not know exactly how it reduces the spectral variation in MALDI with liquid matrixes. Regardless, it is evident that TIC control is a technique that is indispensable for the production of reproducible MALDI spectra regardless of whether a sample is in a solid or liquid state.
Mechanism for Analyte Ion Production and the Calibration Curve
In our previous study of the MALDI of a peptide in a solid matrix [16] , we measured the reaction quotient (Q, Equation 2) for the matrix-to-peptide proton transfer (Reaction 1) at a fixed value of T early . Initially, we approximated the neutral ratio, I([peptide])/I([matrix]), needed in the calculation of Q as the peptide concentration in the solid sample (later [34] , we found that this approximation was valid because the depth profile of a peptide in CHCA prepared by vacuum-drying was nearly homogeneous). We then found that Q was nearly constant. This was taken as an indication that the peptide ion was indeed produced by the proton transfer reaction and that the reaction was in quasi-equilibrium in the early plume. Such an argument led to the realization that the ion ratio would be proportional to the peptide concentration in a solid sample and that the proportionality could be used as the calibration relationship.
In the present study of MALDI of an analyte in a liquid matrix, we observed that the MALDI spectrum remained virtually the same even when the sample was noticeably depleted by repetitive laser shots, just as in the case of MALDI of solid samples. Then, the fact that the direct proportionality holds between the ion ratio measured from a spectrum and the analyte concentration in the liquid sample may be an indication that the analyte ion is indeed produced by the matrix-to-analyte proton transfer. A log-log plot of the calibration curve for Y 5 R in MALDI with the liquid matrix 3AQ/CHCA (160/20) determined by spectral data acquired at a pre-set TIC of 3300 is shown in Figure 3 . Here, [3AQ + H] + was used as the matrix ion in the calculation of the ion ratio. A slope (1.025) that is very close to 1 shows that the ion ratio is directly proportional to the peptide concentration over four orders of magnitude, 10 . However, we will regard this as the peptide ion production mechanism until opposing evidence is found. We also obtained excellent calibration curves for Y 5 + as the proton donor in MALD I with these liquid matrixes. We also obtained excellent 
Critical Matrix Suppression and Contaminants
In our previous study of MALDI with solid matrixes [17] , the calibration curve for an analyte was constructed by measuring the ion ratio versus the analyte concentration for uncontaminated one-analyte samples. The curve deviated from linearity at a high analyte concentration. The matrix suppression at which the deviation began to occur is referred to here as the critical matrix suppression, S c . We observed [17] that the calibration curve measured for one-analyte samples could be used for the quantification of the same analyte in a complex mixture as long as the matrix suppression of the sample was less than S c . Here, we will show that the same rule applies to MALDI with liquid matrixes as well.
In Figure 3 , which shows the calibration curve for Y 5 R in the liquid matrix 3AQ/CHCA (160/20), we also show the matrix suppression at each Y 5 R concentration. The calibration curve begins to deviate from linearity when the matrix suppression is in the range of 75%-80%. We take 75% as the critical matrix suppression here. To assess the influence of the matrix suppression on the quantification results, we prepared mixture samples by adding various amounts of Substance P, arginine, imipramine, and serotonin-the structures of imipramine and serotonin are shown in the Supplementary Material-as contaminants to samples containing 10 pmol of Y 5 R in 3AQ/CHCA (160/20) and quantified Y 5 R in each mixture. The results are listed in Table 1 . From the data acquired for the samples containing Substance P as the contaminant, it is clear that the quantification results are in fair agreement with the prepared amount of Y 5 R when S c ≤ 75%. The same trend was observed for the other contaminants as well. For the samples containing serotonin as the contaminant, matrix suppression was mostly due to the analyte (10 pmol Y 5 R) and did not vary much with the amount of serotonin added. A good quantification result was obtained even when the amount of serotonin was 10 nmol, as matrix suppression was only 34%. We did not study samples containing more than 10 nmol of serotonin because such samples became highly viscous within 1 h inside the vacuum.
To summarize, matrix suppression in MALDI with liquid matrixes is a useful guideline for judging the reliability of the quantification of an analyte, just as it is in MALDI with solid matrixes. The fact that an analyte in a complex mixture can be quantified reliably as long as the matrix suppression is less than S c is in good agreement with the general consensus that MALD I is rather tolerant of contaminants. At the moment, however, we cannot explain the above observation.
Ionization Efficiency, Solid Versus Liquid Matrixes
Popular solid matrixes such as CHCA, SA, and DHB are widely used as acids in the preparation of ionic liquid matrixes, presumably because their deprotonated forms are good chromophores at the wavelengths of MALDI lasers. Taking CHCA and 3AQ/CHCA as examples of solid and liquid matrixes, respectively, an attempt to find an explanation of the characteristics of MALDI with 3AQ/CHCA by referring to those with CHCA will likely be fruitless because the proton donors in the two cases differ (i.e., ). It is also important to note that the calibration curves (in Figure 3 and in the Supplementary Material) obtained with the liquid matrixes of 3AQ/CHCA, 3AQ/SA, and 3AQ/DHB are similar, suggesting that the analyte ion abundances in these cases are mostly determined by the base used in the matrix preparation (i.e., 3AQ). Figure 4a and b show the MALDI spectra of 10 pmol each of Y 5 R and Y 6 , respectively, in 25 nmol of solid CHCA. Because CHCA is a 'hot' matrix [1] , most of the [Y 6 + H] + dissociated to immonium Y. Including the abundance of this ion, the total abundance of the analyte-derived ions after normalization to the matrix ion abundance is substantial for both peptides. This is expected because the proton affinity of CHCA is smaller than those of peptides [35] . The normalized total abundance of the analyte-derived ions in the MALDI of Y 6 is less than that of Y 5 R by a factor of four. This is also expected because Y 6 is a weaker base than Y 5 R-arginine is more basic than tyrosine. The MALDI spectra of 10 pmol each of Y 5 R and Y 6 in 3AQ/CHCA (160/20) are shown in Figure 4c and , respectively. The decrease in the analyte ion abundance attributable to the change in the matrix from CHCA to 3AQ/CHCA is more drastic for Y 6 than for Y 5 R. For example, the normalized total abundance of the ions derived from Y 6 was less than that from Y 5 R by a factor of 50. This is also expected because the former is less basic.
The aforementioned difference in the analyte ion abundance between the MALDI results using solid and liquid matrixes suggests that it will be difficult to produce strong analyte ion signals by positive ion MALDI with the latter matrixes unless the analyte is sufficiently basic. In Table 1 , we show the raw, i.e., unnormalized, MALDI spectra of 100 pmol of serotonin in 25 nmol of CHCA and in 3AQ/CHCA (160/20) in Figure 5a and b, respectively. In the MALDI with solid CHCA, Figure 5a , serotonin-derived ions, [serotonin + H -NH 3 ] + in particular, appear prominently.
In the MALDI with 3AQ/CHCA, however, it is difficult to detect such ions (the tiny peak at m/z 160 in Figure 5b is due to an unknown contaminant). In this case, serotonin-derived ions became noticeable only when a very large amount of serotonin was added to the matrix, such as 30 nmol in Figure 5c . In the MALDI with 3AQ/CHCA (160/20), a linear calibration curve for serotonin was obtained in the 1-30 nmol range, as shown in Figure 6 , which is not useful for the quantification of serotonin in the picomole range. In contrast, the linear range was 0.1-100 pmol in the MALDI with CHCA. To summarize, although the excellent homogeneity of the liquid matrixes studied in this work is an important advantage when generating reproducible MALDI spectra and for analyte quantification, they are not very useful as matrixes for analytes that are not sufficiently basic. Hence, MALDI with solid and liquid matrixes must be regarded as complementary techniques rather than as competing ones. It is remarkable as well that when the result from the MALDI of serotonin with CHCA and that with 3AQ/CHCA are combined, the linear dynamic range, 0.1-30,000 pmol, spans five orders of magnitude with regard to the amount of serotonin. Finally, we would like to add that analyte ion signals were very weak or difficult to measure in negative ion MALDI using 3AQ/CHCA or DEA/CHCA as the matrix.
Conclusion
Previously, we found that controlling the total ion count, constructing a calibration curve by plotting the ion ratio versus the analyte concentration, and keeping the matrix suppression below a critical value were three requirements necessary for producing reproducible spectra and for analyte quantification by MALDI with a solid matrix. In this work, we found that the same requirements had to be met in MALDI with liquid matrixes as well. The same requirements mean that the same hardware and software can handle MALDI with solid and liquid matrixes. We speculate that the matrix-to-analyte proton transfer occurring in the early plume participates in the production of analyte ions.
